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Summary  The  combination  of  depression  and  anorexia  may  inﬂuence  morbid-
ity and  progressive  physical  disability  in  the  elderly.  Gender  differences  exist  in
hypothalamic—pituitary—adrenal  axis  activation  following  stress  exposure.  The  objective
of this  study  was  to  investigate  gender  differences  in  feeding  behavior  under  novelty  stress  in
aged mice.  Food  intake  measurement,  immunohistochemical  assessment,  and  mRNA  expression
analysis were  conducted  to  investigate  the  role  of  serotonin  2C  receptor  (5-HT2CR)  and  its
relationship  with  ghrelin  in  stress-induced  suppression  of  feeding  behavior  in  aged  mice.
After exposure  to  novelty  stress,  a  21-fold  increase  in  plasma  corticosterone  and  remarkable
suppression  of  food  intake  were  observed  in  aged  male  mice.  Furthermore,  a  5-HT2CR  agonist
suppressed  food  intake  in  aged  male  mice.  Novelty  stress  induced  a  7-fold  increase  in  5-HT2CR
and c-Fos  co-expressing  cells  in  the  paraventricular  nucleus  of  the  hypothalamus  in  aged  male
mice but  caused  no  change  in  aged  female  mice.  Plasma  acylated  ghrelin  levels  decreased  in
stressed aged  male  mice  and  administration  of  the  5-HT2CR  antagonist  inhibited  this  decrease.
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The  5-HT2CR  antagonist  also  reversed  the  suppression  of  food  intake  in  estrogen  receptor  
agonist-treated  aged  male  mice.  Therefore,  conspicuously  suppressed  feeding  behavior  in  nov-
elty stress-exposed  aged  male  mice  may  be  mediated  by  5-HT2CR  hypersensitivity,  leading  to
hypoghrelinemia.  The  hypersensitivity  may  partly  be  due  to  estrogen  receptor  activation  in  aged
male mice.
©  2015  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC
ative
1
T
i
d
2
a
s
b
a
d
R
h
f
W
m
(
H
f
b
2
p
F
f
T
i
i
t
p
o
s
e
a
r
H
h
2
u
H
m
t
m
e
v
(
t
E
r
t
s
t
ﬁ
f
a
H
d
a
m
i
f
b
2
2
M
o
J
o
a
h
(
T
g
T
2
p
l
T
d
s
(
o
g
f
u
s
were  transferred  to  separate  cages  (1  mouse/cage;  cage
size  =  W136  ×  D208  ×  H115  mm)  after  18  h  of  fasting.  The
remaining  group-housed  mice  served  as  controls.  After
decapitation  without  anesthesia,  blood  was  collected  fromBY-NC-ND  license  (http://cre
. Introduction
he  number  of  elderly  people  with  anxiety  and  depression
s  increasing  and  the  effective  treatment  of  these  disor-
ers  remains  a  clinical  challenge  (Diefenbach  and  Goethe,
006).  Adverse  life  events  are  associated  with  the  onset
nd  persistence  of  depression  (Paykel,  1994),  and  depres-
ion  is  characterized  by  feeding  abnormality  (e.g.,  anorexia,
ulimia).  In  particular,  the  combination  of  depression  and
norexia  may  inﬂuence  morbidity  and  progressive  physical
isability  in  the  elderly  (Rowe  and  Kahn,  1987;  Seeman  and
obbins,  1994).
Gender  differences  exist  in
ypothalamic—pituitary—adrenal  (HPA)  axis  activation
ollowing  stress  exposure  (Handa  et  al.,  2012;  Handa  and
eiser,  2014;  Steenbergen  et  al.,  1990).  The  incidence  of
ajor  depression  (Kornstein,  1997)  and  anorexia  nervosa
Ehlert  et  al.,  2001)  is  higher  in  women.  In  young  rodents,
PA  axis  activation  due  to  stress  is  reportedly  greater  in
emales  (Iwasaki-Sekino  et  al.,  2009)  and  is  controlled
y  sex  hormones  (Handa  et  al.,  2012;  Handa  and  Weiser,
014).  On  the  other  hand,  the  anorexia  of  aging  is  more
ronounced  in  males  than  in  females  (Morley,  1993,  2010).
urthermore,  late-life  depression  in  males  is  a  risk  factor
or  mortality  (Diniz  et  al.,  2014;  Dombrovski  et  al.,  2008).
herefore,  gender  differences  may  have  a  considerable
mpact  on  emotional  and/or  feeding  behavior  in  the  elderly
n  a  manner  different  than  that  in  young  people.  However,
his  possibility  has  not  yet  been  tested.
Corticotropin-releasing  factor  (CRF)  and  serotonin  (5-HT)
lay  important  roles  in  stress  responses  and  the  regulation
f  feeding  behavior.  CRF  neuron  activation  during  stress
uppresses  feeding  behavior  (Hotta  et  al.,  1999;  Zorrilla
t  al.,  2003).  CRF  production  and  neuron  activation  may
lso  be  mediated  by  5-HT.  Acute  5-HT  depletion  has  been
eported  to  reduce  anxiety  (Bechtholt  et  al.,  2007).  The  5-
T2C receptor  (5-HT2CR),  localized  on  CRF  neurons  of  the
ypothalamus,  stimulates  anxiety  (de  Mello  Cruz  et  al.,
005;  Gatch,  2003;  Heisler  et  al.,  2007)  and  negatively  reg-
lates  food  intake  (Dryden  et  al.,  1996;  Hayashi  et  al.,  2005;
eisler  et  al.,  2002;  Nonogaki,  2008).  Increased  5-HT2CR
RNA  expression  in  the  paraventricular  nucleus  (PVN)  of
he  hypothalamus  has  been  observed  in  stress-exposed  aged
ice  (Nahata  et  al.,  2013).
Estradiol-induced  effects  on  stress  may  be  controlled  by
strogen  receptor  (ER)    and  .  ER  decreases  food  intake
ia  the  HPA  axis  and  cholecystokinin  signal  ampliﬁcation
Asarian  and  Geary,  2013),  whereas  ER  negatively  con-
rols  the  HPA  axis  (Handa  et  al.,  2012).  However,  whether
Rs  inﬂuence  gender  differences  in  stress-loaded  animals
emains  unclear.
t
scommons.org/licenses/by-nc-nd/4.0/).
The  aim  of  the  current  study  was  to  investigate  whether
here  were  gender  differences  in  novelty  stress-induced
uppression  of  feeding  behavior  in  aged  mice.  To  clarify
he  mechanism  underlying  these  differences,  we  identi-
ed  the  effects  of  5-HT2CR  agonists  and  antagonists  on
eeding  behavior,  emphasizing  on  the  role  of  5-HT2CR.  We
lso  conducted  an  immunohistochemical  assessment  of  5-
T2CR  activation  in  stress-related  brain  areas.  Next,  we
etermined  whether  decreased  plasma  ghrelin  levels  medi-
ted  the  marked  suppression  of  feeding  behavior  in  aged
ale  mice.  Finally,  we  evaluated  the  susceptibility  of  ERs
n  aged  male  mice  as  a  factor  underlying  gender  dif-
erences  in  novelty  stress-induced  suppression  of  feeding
ehavior.
. Materials and methods
.1.  Animals
ale  and  female  C57BL/6  mice  aged  6  weeks  and  79  weeks
r  older  were  purchased  from  Charles  River  Laboratories
apan  (Tokyo,  Japan).  We  used  elderly  mice  before  the
nset  of  aging  cachexia.  Before  the  experiments,  mice  were
cclimated  in  cages  (5  mice/cage)  in  a  temperature-  and
umidity-controlled  room  under  a  12-h  light/dark  cycle
lights  on  at  07:00  h)  with  free  access  to  food  and  water.
his  study  was  approved  by  and  conducted  according  to  the
uidelines  of  the  experimental  animal  ethics  committees  of
sumura  &  Co.  (Ibaraki,  Japan;  permit  no.:  09-115).
.2.  Effects  of  exposure  to  novelty  stress  on
lasma corticosterone  levels,  plasma  ghrelin
evels, and  food  intake  in  young  and  aged  mice
he  novelty-induced  hypophagia  test  can  evaluate  the
egree  of  anxiety  or  depression  based  on  the  suppres-
ion  of  food  intake  after  exposure  to  a  novel  environment
Dulawa  and  Hen,  2005).  Tests  were  conducted  as  previ-
usly  described  (Nahata  et  al.,  2013).  Mice  were  housed  in
roups  (5  mice/cage;  cage  size  =  W230  ×  D310  ×  H155  mm)
or  7  days  before  the  experiment;  cages  were  not  changed
ntil  the  experiment  was  completed.  To  induce  novelty
tress,  some  of  the  group-housed  mice  (5  mice/cage)he  different  animal  groups  at  3  and/or  6  h  after  expo-
ure  to  novelty  stress  (n  =  7—8).  Plasma  corticosterone
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and  ghrelin  levels  were  determined  using  the  corticoste-
rone  EIA  kit  (Enzo  Life  Sciences,  Plymouth  Meeting,  PA,
USA)  and  the  Active-Ghrelin  ELISA  kit  (Mitsubishi  Chem-
ical  Medicine,  Tokyo,  Japan),  respectively.  Samples  were
collected  between  13:00  h  and  15:00  h  to  avoid  diurnal
variations.
Food  intake  was  evaluated  at  1,  6,  and  24  h  after  expo-
sure  to  novelty  stress  (n  =  8—10).  To  evaluate  food  intake  per
mouse,  mice  housed  individually  for  7  days  before  the  exper-
iment  served  as  the  control  group.  We  conﬁrmed  that  there
was  no  difference  in  the  mean  food  intake  between  these
individually  housed  and  group-housed  mice,  calculated  by
dividing  food  intake  for  each  cage  by  the  number  of  mice
(Nahata  et  al.,  2013).  We  also  conﬁrmed  that  plasma  corti-
costerone  levels  in  individually  housed  mice  were  similar  to
those  in  group-housed  mice  (data  not  shown),  as  previously
reported  (Arndt  et  al.,  2009).
2.3.  Total  RNA  extraction  and  reverse
transcription  polymerase  chain  reaction
The  hypothalamus  was  rapidly  removed  from  each  fasting
mouse  (n  = 8)  and  immediately  frozen  in  a  tube  main-
tained  on  dry  ice.  Isolated  tissue  homogenization  and  total
RNA  extraction  were  performed  using  the  RNeasy  Univer-
sal  Tissue  kit  (Qiagen,  Valencia,  CA,  USA).  Diluted  total
RNA  (100  ng/L) was  incubated  at  70 ◦C  for  5  min  and
then  cooled  on  ice.  Total  RNA  (1000  ng)  was  reverse  tran-
scribed  using  the  TaqMan  Reverse  Transcription  Reagents  kit
(Applied  Biosystems,  Foster  City,  CA,  USA).  Furthermore,
quantitative  PCR  assays  were  performed  using  the  TaqMan
Gene  Expression  Master  Mix  (Applied  Biosystems)  and  Taq-
Man  gene-speciﬁc  primer/probes  (Rps29, Mm02342448  gH;
Cyp19a1,  Mm00484049  m1;  Esr1, Mm00433149  m1;  and
Esr2,  Mm00599821  m1;  Applied  Biosystems)  on  a  Prism
7900HT  Sequence  Detection  System  (Applied  Biosystems).
mRNA  expression  versus  a  housekeeping  gene  (ribosomal
protein  S29)  was  calculated  using  the  Ct method.
2.4.  Effects  of  test  drugs  on  food  intake  and
plasma ghrelin
Young  and  aged  mice  were  administered  subcutaneous  (SC)
injections  of  the  5-HT2CR  agonist  CP-809101  (Sigma-Aldrich,
St.  Louis,  MO,  USA)  at  doses  of  0.1,  1.0,  and  3.0  mg/kg,
and  the  cumulative  food  intake  was  measured  at  1  and
3  h  after  drug  administration.  To  investigate  the  effects  of
5-HT2CR  antagonists  on  food  intake  in  aged  mice,  the  selec-
tive  5-HT2CR  antagonists  SB242084  [6  mg/kg,  (Hayashi  et  al.,
2005;  Kennett  et  al.,  1997)]  and  rikkunshito  [RKT;  Tsumura
&  Co.,  Tokyo,  Japan;  1000  mg/kg,  (Takeda  et  al.,  2008)]
were  suspended  in  distilled  water  and  orally  administered
by  gavage  (10  mL/kg)  to  the  18  h-fasted  mice  immediately
after  they  were  exposed  to  novelty  stress  (n  = 5—8).  More-
over,  the  cumulative  food  intake  was  determined  6  and  24  h
after  exposure  to  novelty  stress.  We  have  previously  con-
ﬁrmed  that  oral  administration  of  SB242084  (6  mg/kg)  and
RKT  (1000  mg/kg)  to  young  or  aged  mice  does  not  affect  food
intake  (Nahata  et  al.,  2013).
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Acylated  ghrelin  was  then  intraperitoneally  administered
o  the  mice  immediately  after  exposure  to  novelty  stress,
nd  food  intake  was  then  determined  at  1,  3,  and  6  h  after
tress  loading.
We  investigated  the  effect  of  the  aromatase  inhibitor
etrozole  [Tocris  Bioscience,  Ellisville,  MO,  USA;  2.5  mg/kg,
O  (Meng  et  al.,  2011)]  and  the  ER  agonist  2,3-bis(4-
ydroxyphenyl)-propionitrile  [DPN;  Sigma-Aldrich;  8  mg/kg,
C  (Shin  et  al.,  2013)]  on  the  decrease  in  6-h  cumu-
ative  food  intake  in  aged  mice  exposed  to  novelty
tress,  following  the  procedure  described  above.  Next,
he  ER  agonist  1,3,5-tris(4-hydroxyphenyl)-4-propyl-1H-
yrazole  [(PPT;  Sigma-Aldrich;  0.63  and/or  1.25  mg/kg,  SC
Santollo  et  al.,  2007)]  was  administered  to  young  and
ged  mice.  SB242084  (6  mg/kg,  PO)  was  also  immediately
dministered  after  PPT  (1.25  mg/kg)  treatment,  and  the
umulative  food  intake  in  young  and  aged  mice  was  deter-
ined  at  6  h.
To clarify  the  role  of  5-HT2CR  on  plasma  ghrelin  lev-
ls,  oral  administration  of  SB242084  (6  mg/kg)  or  RKT
1000  mg/kg)  to  18-h  fasted  aged  male  mice  was  performed
mmediately  after  exposure  to  novelty  stress,  and  blood  was
ollected  at  3  h  after  this  exposure  to  determine  the  plasma
hrelin  levels  as  described  above.
.5.  Immunohistochemistry
rains  were  removed  from  mice  after  exposure  to  novelty
tress  for  6  h in  an  ad  libitum  condition,  and  immunohisto-
hemical  analysis  was  performed.  In  brief,  after  transcardial
erfusion  with  a  tissue  ﬁxative  (Genostaff,  Tokyo,  Japan),
he  brains  were  removed  and  embedded  in  parafﬁn  blocks.
he  cross  sections  (6  m)  of  brains  were  exposed  to  5-
T2CR  and  c-Fos.  For  the  ﬁrst  staining  step,  tissue  sections
ere  treated  with  0.3%  H2O2 in  methanol  for  30  min,  fol-
owed  by  incubation  with  Protein  Block  (Genostaff)  and  the
vidin/biotin  blocking  kit  (Vector  Laboratories,  Burlingame,
A,  USA).  The  sections  were  incubated  with  anti-5HT2CR  rab-
it  polyclonal  antibody  (Novus  Biologicals,  Littleton,  CO,
SA)  at  4 ◦C  overnight.  They  were  then  incubated  with
iotin-conjugated  goat  anti-rabbit  Ig  (Dako,  Tokyo,  Japan),
ollowed  by  the  addition  of  alkaline  phosphatase-conjugated
treptavidin  (Nichirei  Biosciences,  Tokyo,  Japan).  Sig-
als  from  the  sections  were  detected  using  NBT/BCIP
olution  (Sigma-Aldrich).  For  the  second  staining  step,  anti-
ody  dissociation  was  performed  by  heat  treatment  with
itrate  buffer.  The  sections  were  incubated  with  Protein
lock  and  the  avidin/biotin  blocking  kit  and  then  with
nti-cFos  rabbit  polyclonal  antibody  (Santa  Cruz  Biotech-
ology,  Dallas,  TX,  USA)  at  4 ◦C  overnight.  Furthermore,
he  sections  were  incubated  with  biotin-conjugated  goat
nti-rabbit  Ig  (Dako),  followed  by  the  addition  of  peroxidase-
onjugated  streptavidin.  Their  signals  were  detected  using
,3′-diaminobenzidine  (Sigma-Aldrich).  We  used  anti-rabbit
g  (Dako)  for  negative  controls.  The  numbers  of  clearly
etected  c-Fos-positive  (blue  nuclei,  Fig.  4A  left),  5-HT2CR-
ositive  (brown  cytoplasm,  Fig.  4A  center),  and  co-positive
erve  cells  (Fig.  4A  right)  in  the  PVN,  amygdala,  and  arcuate
ucleus  (ARC)  were  manually  counted,  and  the  averages  of
he  2  sections  per  mouse  were  calculated.
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.6.  Statistical  analyses
wo-way  factorial  analysis  of  variance  (ANOVA)  followed  by
he  Tukey—Kramer  post  hoc  test  was  used  for  the  comparison
etween  young  and  aged  mice.  Data  from  the  experiments
n  aged  mice  were  analyzed  using  Student’s  t-test  and  one-
ay  analysis  of  variance,  followed  by  Dunnett’s  test  or
teel’s  test.  Data  are  presented  as  mean  ±  standard  error
or  each  group,  and  p  <  0.05  was  considered  statistically  sig-
iﬁcant.
. Results
.1.  Effects  of  novelty  stress  exposure  on
orticosterone  secretion  and  food  intake
lasma  corticosterone  levels  were  remarkably  increased  in
ged  male  mice  6  h  after  exposure  to  novelty  stress  (Fig.  1A).
wo-way  factorial  ANOVA  revealed  signiﬁcant  effects  of
tress  [F(1,28)  =  37.90,  p  <  0.001],  age  [F(1,28)  =  20.39,
 <  0.001],  and  stress  ×  age  interaction  [F(1,28)  =  26.40,
 <  0.001]  in  male  mice.  Corticosterone  secretion  remain
nchanged  in  aged  female  mice  exposed  to  novelty  stress,
lthough  the  basal  corticosterone  levels  in  aged  female
ice  tended  to  be  higher  than  those  in  young  female  mice
Fig.  1B).  Further,  two-way  factorial  ANOVA  revealed  a  sig-
iﬁcant  effect  of  age  [F(1,27)  =  20.70,  p  <  0.001],  although
he  effects  of  stress  [F(1,27)  =  1.85,  n.s.],  and  stress  ×  age
nteraction  [F(1,27)  =  0.07,  n.s.]  were  not  signiﬁcant  in
emale  mice.
Food  intake  at  1  h  after  exposure  to  novelty  stress  only
lightly  decreased  in  the  young  novelty  stress-exposed  male
nd  female  mice  compared  with  young  control  mice  (Fig.  1C
nd  D).  In  contrast,  food  intake  in  the  aged  male  mice
xposed  to  novelty  stress  remarkably  decreased  compared
ith  that  in  aged  control  male  mice  (Fig.  1C).  Two-way
actorial  ANOVA  revealed  signiﬁcant  effects  of  stress  [1  h:
(1,16)  = 100.76,  p  <  0.001;  6  h:  F(1,16)  =  18.35,  p <  0.001;
4  h:  F(1,15)  =  16.95,  p  <  0.001]  and  age  [1  h:  F(1,16)  =  13.15,
 <  0.01;  6  h:  F(1,16)  =  24.63,  p  <  0.001;  24  h:  F(1,15)  =  24.72,
 <  0.001]  at  all-time  points  and  stress  ×  age  interaction
1  h:  F(1,16)  =  1.11,  n.s.;  6  h:  F(1,16)  =  20.28,  p  <  0.001;  24  h:
(1,15)  = 4.76,  p  <  0.05]  at  6  and  24  h  in  male  mice.  On  the
ther  hand,  food  intake  in  aged  and  stressed  female  mice
nly  temporarily  decreased  and  then  returned  to  control
evels  (Fig.  1D).  Two-way  factorial  ANOVA  revealed  signif-
cant  effects  of  stress  [1  h:  F(1,16)  =  143.20,  p  <  0.001;  6  h:
(1,16)  = 4.98,  p  <  0.05;  24  h:  F(1,16)  =  5.36,  p  <  0.05]  at  all-
ime  points,  age  [1  h:  F(1,16)  =  0.04,  n.s.;  6  h:  F(1,16)  =  7.35,
 <  0.05;  24  h:  F(1,16)  =  17.57,  p  <  0.001]  at  6  and  24  h,  and
tress  ×  age  interaction  [1  h:  F(1,16)  =  30.60,  p  <  0.001;  6  h:
(1,16)  = 1.33,  n.s.;  24  h:  F(1,16)  =  1.06,  n.s.]  at  1  h  in  female
ice.
.2.  Effects  of  CP-809101  on  cumulative  food
ntake in  young  and  aged  miceC  administration  of  CP-809101  at  a  dose  of  3.0  mg/kg  to
oung  male  (Fig.  2A)  and  female  mice  (Fig.  2B)  signiﬁcantly
nhibited  the  cumulative  food  intake  1  h  after  treatment.
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n  young  female  mice,  CP-809101  (1.0  and  3.0  mg/kg)  also
nhibited  the  3-h  cumulative  food  intake.  Treatment  of  aged
ale  mice  with  CP-809101  (1.0  and  3.0  mg/kg)  suppressed  3-
 food  intake  (Fig.  2C).  Furthermore,  the  1-h  food  intake  in
ged  male  mice  was  also  inhibited  by  administration  of  CP-
09101  at  a  dose  of  0.1  mg/kg.  In  contrast,  compared  with
ged  control  female  mice,  food  intake  in  aged  female  mice
nly  tended  to  decrease  with  CP-809101  treatment  (Fig.  2D).
.3.  Effects  of  5-HT2CR  antagonists  on  the
ecrease  in  cumulative  food  intake  in  aged  mice
xposed to  novelty  stress
ompared  with  distilled  water-treated  aged  male  mice
xposed  to  stress  throughout  the  experimental  period,  the
umulative  food  intake  in  mice  treated  with  SB242084
6  mg/kg)  or  RKT  (1000  mg/kg)  was  signiﬁcantly  increased
Fig.  2E).  In  contrast,  the  cumulative  food  intake  in  aged
emale  mice  was  unaltered  on  administration  of  either  of
he  two  antagonists  (Fig.  2F).
.4.  Changes  in  the  number  of  5-HT2CR+ and
-Fos+ cells  in  the  PVN  and  amygdala  of  mice
xposed  to  novelty  stress
ompared  with  aged  control  male  mice,  increased  total
umbers  of  5-HT2CR-positive  cells  in  the  PVN  and  5-HT2CR-
r  c-Fos-positive  cells  in  the  amygdala  were  observed  in
ged  male  mice  exposed  to  novelty  stress  (Fig.  3A  and  B).
he  numbers  of  those  cells  in  either  the  PVN  or  amygdala
n  young  male  mice  exposed  to  novelty  stress  remained
nchanged.  Two-way  factorial  ANOVA  of  the  number  of  5-
T2CR-positive  cells  in  both  the  PVN  and  amygdala  revealed
igniﬁcant  effects  of  stress  [PVN:  F(1,9)  =  10.55,  p  <  0.05;
mygdala:  F(1,9)  =  5.56,  p  <  0.05]  and  stress  ×  age  interac-
ion  [PVN:  F(1,9)  =  5.53,  p  <  0.05;  amygdala:  F(1,9)  =  5.76,
 < 0.05],  although  the  effect  of  age  [PVN:  F(1,9)  =  4.06,
.s.;  amygdala:  F(1,9)  =  1.19,  n.s.]  was  not  signiﬁcant.
n  addition,  two-way  factorial  ANOVA  of  the  number  of
-Fos-positive  cells  revealed  signiﬁcant  effects  of  stress
F(1,9)  =  12.60;  p  <  0.01],  age  [F(1,9)  =  13.36;  p  <  0.01],  and
tress  ×  age  interaction  [F(1,9)  =  7.22;  p <  0.05]  in  the
mygdala,  although  the  effects  of  stress  [F(1,9)  =  2.14;
.s.],  age  [F(1,9)  =  0.28;  n.s.]  and  stress  ×  age  interaction
F(1,9)  =  5.09;  n.s.]  were  not  signiﬁcant  in  the  PVN.  How-
ver,  in  female  mice,  the  number  of  these  cells  did  not
hange  after  stress  exposure.  Two-way  factorial  ANOVA  of
he  number  of  5-HT2CR-positive  cells  revealed  a  signiﬁ-
ant  effect  of  age  [F(1,9)  =  7.02,  p  <  0.05],  no  signiﬁcant
ffect  of  stress  [F(1,9)  =  0.09,  n.s.]  or  stress  ×  age  inter-
ction  [F(1,9)  =  0.67,  n.s.]  in  the  PVN,  and  no  signiﬁcant
ffect  of  stress  [F(1,9)  =  0.36,  n.s.],  age  [F(1,9)  =  0.21,
.s.]  or  stress  ×  age  interaction  [F(1,9)  =  1.02,  n.s.]  in  the
mygdala.  Two-way  factorial  ANOVA  of  the  number  of  c-
os-positive  cells  revealed  no  signiﬁcant  effect  of  stress
PVN:  F(1,9)  =  0.47,  n.s.;  amygdala:  F(1,9)  =  0.04,  n.s.],  age
PVN:  F(1,9)  =  0.15,  n.s.;  amygdala:  F(1,9)  =  2.71,  n.s.],  or
tress  ×  age  interaction  [PVN:  F(1,9)  =  0.15,  n.s.;  amygdala:
(1,9)  =  3.30,  n.s.]  in  either  the  PVN  or  amygdala.  The  num-
er  of  5-HT2CR-  and  c-Fos  co-positive  cells  signiﬁcantly
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Fig.  1  Plasma  corticosterone  levels  and  cumulative  food  intake  after  exposure  to  novelty  stress.  (A  and  B)  Plasma  corticosterone
 and
 =  4—
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s
alevels in  male  and  female  mice  at  6  h  after  stress  exposure.  (C
24 h  after  stress  exposure.  Data  are  presented  as  mean  ±  SEM  (n
increased  compared  with  aged  control  male  mice  in  the
PVN  of  aged  male  mice  exposed  to  novelty  stress  (Figs.
3A  and  4B).  However,  expression  of  5-HT2CR-  and  c-Fos  co-
positive  cells  in  the  PVN  of  young  male  mice  exposed  to
novelty  stress  and  in  all  female  mice  remain  unchanged
(Figs.  3A  and  4B).  Two-way  factorial  ANOVA  of  the  number
m
n
[ D)  Cumulative  food  intake  in  male  and  female  mice  1,  6,  and
8).  **,  ***  p  <  0.01,  0.001  vs.  age-matched  control  group.
f  co-positive  cells  in  the  PVN  revealed  signiﬁcant  effects  of
tress  [F(1,9)  =  12.69,  p  <  0.01],  age  [F(1,9)  =  7.02,  p  <  0.05],
nd  stress  ×  age  interaction  [F(1,9)  =  19.31,  p  <  0.01]  in  male
ice  and  no  signiﬁcant  effect  of  stress  [F(1,9)  = 0.81,
.s.],  age  [F(1,9)  =  1.58,  n.s.],  or  stress  ×  age  interaction
F(1,9)  =  0.06,  n.s.]  in  female  mice.  Further,  compared  with
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Fig.  2  Effects  of  5-HT2CR  agonist  or  antagonists  on  cumulative  food  intake.  (A—D)  Cumulative  food  intake  in  young  and  aged  male
and female  mice  after  the  administration  of  the  5-HT2CR  agonist  CP-809101  (0.1—3.0  mg/kg,  SC).  (E  and  F)  Effects  of  the  5-HT2CR
antagonists SB242084  (6  mg/kg,  PO)  or  rikkunshito  (RKT,  1000  mg/kg,  PO)  on  cumulative  food  intake  in  aged  male  and  female  mice
exposed to  novelty  stress.  Data  are  presented  as  mean  ±  SEM  (n  =  5).  #,  ##,  ###  p  <  0.05,  0.01,  0.001  vs.  control  group.  *,  ***  p  <  0.05,
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p.001 vs.  stress  group.
ged  control  male  mice,  the  number  of  5-HT2CR-  and  c-Fos
o-positive  cells  increased  in  the  amygdala  of  aged  male
ice  exposed  to  novelty  stress  (Figs.  3B  and  4C).  In  young
ale  mice,  exposure  to  novelty  stress  did  not  cause  an
ncrease  in  the  number  of  cells  in  the  amygdala  (Figs.  3B  and
C).  Two-way  factorial  ANOVA  of  the  number  of  co-positive
ells  in  the  amygdala  revealed  signiﬁcant  effects  of  stress
F(1,9)  =  17.68,  p  <  0.01],  age  [F(1,9)  =  25.17,  p  <  0.001]  and
tress  ×  age  interaction  [F(1,9)  =  12.49,  p  <  0.01]  in  male
ice.  Moreover,  compared  with  aged  control  female  mice,
a
o
n
fhe  number  of  5-HT2CR-  and  c-Fos  co-positive  cells  in
he  amygdala  of  aged  female  mice  exposed  to  novelty
tress  increased  (Figs.  3B  and  4C).  Two-way  factorial
NOVA  of  the  number  of  co-positive  cells  in  the  amyg-
ala  revealed  signiﬁcant  effects  of  stress  [F(1,9)  =  11.27,
 < 0.01],  age  [F(1,9)  =  5.55,  p  <  0.05],  and  stress  ×  age  inter-
ction  [F(1,9)  =  9.25,  p  <  0.05]  in  female  mice.  The  number
f  5-HT2CR+ and  c-Fos− cells  or  c-Fos+ and  5-HT2CR− cells  did
ot  change  among  all  groups.  There  was  only  a  trace  of  stain
or  these  cells  in  the  ARC  (data  not  shown).
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Fig.  3  Immunohistochemical  analyses  of  5-HT2CR  and  c-Fos  expression  in  the  hypothalamic  paraventricular  nucleus  and  amygdala.
(A and  B)  Total  number  of  5-HT2CR+ cells  (top  panels),  c-Fos+ cells  (middle  panels),  and  5-HT2CR+ plus  c-Fos+ (co-positive)  cells
(bottom panels)  in  the  paraventricular  nucleus  (PVN)  and  amygdala  of  young  and  aged  male  and  female  mice  at  6  h  after  stress
exposure. White  columns  represent  5-HT2CR+ alone  or  c-Fos+ cells  alone.  Black  columns  represent  5-HT2CR+ plus  c-Fos+ (co-positive)
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Tcells. Data  are  presented  as  mean  ±  SEM  (n  =  3—4).  *,  **  p  <  0.05
3.5.  Effects  of  aging  and  novelty  stress  exposure
on plasma  ghrelin  levels,  and  effects  of  exogenous
acylated ghrelin  on  the  decrease  in  food  intake
Although  plasma  acylated  ghrelin  levels  in  aged  male  mice
exposed  to  novelty  stress  were  signiﬁcantly  lower  at  3  h
and  6  h  after  exposure  than  in  aged  control  mice,  lev-
els  did  not  change  in  aged  female  mice  (Fig.  5A  and  B).
The  decreased  cumulative  food  intake  in  aged  male  mice
at  1—3  h  after  exposure  to  novelty  stress  was  completely
inhibited  on  IP  administration  of  10  nmol/kg  exogenous  acyl-
ated  ghrelin  (Fig.  5C).  Two-way  factorial  ANOVA  revealed
no  signiﬁcant  effect  of  stress  [F(1,14)  =  3.51,  n.s.],  treat-
ment  [F(1,14)  =  3.73,  n.s.],  or  stress  ×  treatment  interaction
[F(1,14)  =  3.20,  n.s.]  at  1  h;  a  signiﬁcant  effect  of  treat-
ment  [F(1,14)  =  6.33,  p  <  0.05];  no  signiﬁcant  effect  of
stress  [F(1,14)  =  2.71,  n.s.]  or  stress  ×  treatment  interac-
tion  [F(1,14)  =  4.02,  n.s.]  at  3  h;  no  signiﬁcant  effect  of
stress  [F(1,14)  =  2.45,  n.s.]  or  treatment  [F(1,14)  =  3.35,
e
m
C
a1  vs.  age-matched  control  group.
.s.];  and  a  signiﬁcant  effect  of  stress  ×  treatment  interac-
ion  [F(1,14)  =  4.75,  p  <  0.05]  at  6  h.  The  decrease  in  plasma
cylated  ghrelin  levels  in  aged  male  mice  exposed  to  novelty
tress  was  blocked  by  administering  the  5-HT2CR  antagonists
B242084  and  RKT  (Fig.  5D).  The  plasma  acylated  ghrelin
evels  in  aged  female  mice  exposed  to  novelty  stress  were
naffected  by  the  administration  of  SB242084  (data  not
hown).
.6.  Changes  in  hypothalamic  ER,  ER,  and
romatase  mRNA  expression  levels  in  young  and
ged mice
o  clarify  gender  differences  in  food  intake  in  aged  mice
xposed  to  novelty  stress,  we  focused  on  hypothala-
ic  ER,  ER,  and  aromatase  mRNA  expression  levels.
ompared  with  young  male  mice,  hypothalamic  ER  and
romatase  mRNA  expression  levels  signiﬁcantly  increased
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n8  
n  aged  male  mice,  whereas  ER  mRNA  expression  lev-
ls  remained  unaltered  in  aged  mice.  In  contrast,  in
omparison  with  young  female  mice,  ER  and  aromatase
RNA  expression  levels  in  aged  female  mice  tended  to
ecrease,  but  ER  mRNA  expression  levels  were  not  altered
Table  1).
i
N
t
ig.  4  Images  of  5-HT2CR  and  c-Fos  expression  in  the  hypothalami
howing immunoreactivity  for  c-Fos  (left),  5-HT2CR  (center),  and  bo
he hypothalamic  paraventricular  nucleus  (PVN)  and  amygdala  of  y
ovelty stress.C.  Yamada  et  al.
.7.  Effects  of  aromatase  inhibitor  and  ER
gonist on  the  decrease  in  cumulative  food  intake
n aged  mice  exposed  to  novelty  stress
ext,  we  examined  the  role  of  aromatase  and  ER  on
he  decreased  food  intake  in  aged  male  mice  exposed  to
c  paraventricular  nucleus  and  amygdala.  (A)  Examples  of  cells
th  proteins  (right).  (B  and  C)  5-HT2CR  and  c-Fos  expression  in
oung  and  aged  male  and  female  mice  at  6  h  after  exposure  to
Serotonin  2C  receptor  contributes  to  gender  differences  in  stress-induced  hypophagia  in  aged  mice  89
Fig.  5  Effects  of  ghrelin  and  5-HT2CR  antagonists  on  the  decrease  in  cumulative  food  intake  or  plasma  ghrelin  levels.  (A  and  B)
Plasma acylated  ghrelin  levels  at  3  and  6  h  after  stress  exposure  in  aged  male  and  female  mice.  (C)  Effects  of  exogenous  acylated
ghrelin (10  nmol/kg,  IP)  on  cumulative  food  intake  in  aged  male  mice.  (D)  Effects  of  5-HT2CR  antagonists  [SB242084;  6  mg/kg,  PO,
rikkunshito (RKT);  1000  mg/kg,  PO]  on  plasma  acylated  ghrelin  levels  in  aged  male  mice  at  3  h  after  stress  exposure.  (E)  Effects
of an  aromatase  inhibitor  (letrozole;  2.5  mg/kg,  PO)  and  estrogen  receptor  (ER)    (DPN;  8  mg/kg,  SC)  on  the  decrease  in  the  6-h
cumulative  food  intake  in  aged  male  mice  exposed  to  novelty  stress.  (F  and  G)  Cumulative  food  intake  in  young  and  aged  male
and female  mice  after  the  administration  of  ER  agonist  (PPT;  0.63,  1.25  mg/kg,  SC).  (H  and  I)  Effects  of  SB242084  (6  mg/kg,
PO) on  decrease  in  food  intake  at  6  h  after  the  administration  of  PPT  (1.25  mg/kg,  SC)  in  aged  male  and  female  mice.  Data  are
presented as  mean  ±  SEM  (n  =  4—8).  #,  ##,  ###  p  <  0.05,  0.01,  0.001  vs.  control  group.  *,  **,  ***  p  <  0.05,  0.01,  0.001  vs.  stress  group,
CP-809101-treated  group,  or  PPT-treated  group.  DW;  distilled  water.
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Table  1  Hypothalamic  mRNA  expression  in  young  and  aged
male and  female  mice.
Young  Aged
Male
Estrogen  receptor    1.00  ±  0.07  1.43  ±  0.12##
Estrogen  receptor    1.00  ±  0.08  1.23  ±  0.08
Aromatase  1.00  ±  0.22  1.91  ±  0.31#
Female
Estrogen  receptor    1.00  ±  0.06  0.81  ±  0.13
Estrogen  receptor   1.00  ±  0.05 1.07  ±  0.18
Aromatase  1.00  ±  0.12 0.87  ±  0.18
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#, ## p < 0.05, 0.01 vs. young mice.
ovelty  stress.  As  observed  in  Fig.  5E,  oral  administration
f  letrozole  to  aged  male  mice  signiﬁcantly  inhibited  nov-
lty  stress-induced  decrease  in  food  intake  by  81%  at  6  h
fter  the  exposure.  In  contrast,  in  aged  female  mice,  letro-
ole  administration  did  not  signiﬁcantly  increase  food  intake
fter  novelty  stress  exposure  compared  with  control  mice.
C  administration  of  the  selective  ER  agonist  DPN  had  no
ffects  on  novelty  stress-induced  hypophagia  in  aged  male
r  female  mice.
.8.  Effects  of  ER  agonist  alone  and
o-administered  with  5-HT2CR  antagonist  on
umulative  food  intake  in  aged  mice
dministration  of  selective  ER  agonist  PPT  at  1.25  mg/kg
id  not  decrease  food  intake  in  young  male  and  female  mice
ompared  with  that  in  control  mice  (Fig.  5F  and  G).  Fur-
hermore,  in  aged  male  mice,  treatment  with  the  same  or
uch  lower  doses  of  PPT  (0.63  and  1.25  mg/kg)  suppressed
ood  intake  by  28—76%  at  6  h  and  24  h  after  administra-
ion.  Two-way  factorial  ANOVA  revealed  signiﬁcant  effects  of
reatment  [F(2,19)  =  19.68,  p  <  0.001]  and  treatment  ×  age
nteraction  [F(2,19)  =  5.17,  p  <  0.05];  no  signiﬁcant  effect  of
ge  [F(1,19)  =  0.04,  n.s.]  at  6  h;  and  signiﬁcant  effects  of
reatment  [F(2,19)  =  18.11,  p  <  0.001],  age  [F(1,19)  =  11.77,
 <  0.01],  and  treatment  ×  age  interaction  [F(2,19)  =  3.87,
 <  0.05]  at  24  h  in  male  mice.  However,  administration  of
PT  barely  decreased  food  intake  in  aged  female  mice,
lthough  it  slightly  decreased  6-h  food  intake  at  a dose  of
.25  mg/kg.  Two-way  factorial  ANOVA  revealed  a  signiﬁcant
ffect  of  treatment  [F(2,19)  =  5.94,  p  <  0.01];  no  signiﬁcant
ffect  of  age  [F(1,19)  =  0.42,  n.s.]  or  treatment  ×  age  inter-
ction  [F(2,19)  =  0.76,  n.s.]  at  6  h;  and  no  signiﬁcant  effect
f  treatment  [F(2,19)  =  1.99,  n.s.],  age  [F(1,19)  =  0.00,  n.s.],
r  treatment  ×  age  interaction  [F(2,19)  =  0.15,  n.s.]  at  24  h.
n  young  mice,  SB242084  treatment  did  not  suppress  the
ecrease  in  food  intake  induced  by  PPT  administration
Fig.  5H  and  I).  Administration  of  SB242084  prevented  the
ecrease  in  the  6-h  cumulative  food  intake  in  PPT-treated
ged  male  mice  (Fig.  5H).  Two-way  factorial  ANOVA  revealed
igniﬁcant  effects  of  treatment  [F(2,34)  =  22.10,  p  <  0.001]
nd  treatment  ×  age  interaction  [F(2,34)  =  7.05,  p  <  0.01]
nd  no  signiﬁcant  effect  of  age  [F(1,34)  =  0.20,  n.s.]  in  male
ice.  However,  SB242084  did  not  affect  food  intake  in  aged
t
t
e
eC.  Yamada  et  al.
emale  mice  (Fig.  5I).  Two-way  factorial  ANOVA  revealed  a
igniﬁcant  effect  of  treatment  [F(2,34)  =  9.59,  p  < 0.001]  and
o  signiﬁcant  effect  of  age  [F(1,34)  =  2.05,  n.s.]  or  treat-
ent  ×  age  interaction  [F(2,34)  =  1.90,  n.s.]  in  female  mice.
. Discussion
ompared  with  young  mice,  in  aged  male  mice,  exposure  to
ovelty  stress  caused  a  sustained  increase  in  stress  hormone
evels  and  a  decrease  in  food  intake  that  persisted  until
4  h  after  the  exposure.  Conversely,  in  aged  female  mice,
lthough  there  was  a  signiﬁcant  decrease  in  food  intake  1  h
fter  the  stress  exposure,  it  rapidly  returned  to  a  level  sim-
lar  to  that  of  the  control  group.  These  results  indicate  that
ither  aged  female  mice  are  more  resistant  to  stress  than
ged  male  mice  or  that  aged  male  mice  are  more  vulnerable
o  stress.
In  the  present  study,  aged  male  mice  exhibited  markedly
igher  blood  levels  of  the  stress  marker  corticosterone  than
ontrol  mice  even  6  h  after  stress  loading.  In  contrast,  the
asal  corticosterone  levels  of  control  female  mice  were
igher  than  those  of  control  male  mice,  and  their  corticoste-
one  levels  were  not  affected  by  stress  loading.  This  result  is
onsistent  with  the  ﬁndings  of  previous  reports  that  demon-
trated  higher  corticosterone  levels  in  females  than  in  males
Goel  and  Bale,  2010;  Trainor  et  al.,  2011).  In  addition,  this
esult  reproduced  the  ﬁndings  of  our  previous  study,  which
eported  a  more  persistent  stress  response  in  aged  male
ice  compared  with  the  response  in  young  mice  (Nahata
t  al.,  2013).  However,  the  basal  blood  corticosterone  lev-
ls  of  young  control  female  mice  in  our  study  may  be  higher
han  the  levels  reported  in  other  recent  studies.  Corticoste-
one  levels  may  vary  depending  on  the  circadian  rhythm,
asting  state,  and  measurement  method.  The  effects  of
hese  factors  cannot  be  ruled  out  in  the  present  study  or
revious  studies  (Trainor  et  al.,  2013;  Van  Ginhoven  et  al.,
010).  In  addition,  the  mice  used  as  the  control  group  in
he  present  study  were  individually  housed  for  1  week  for
cclimatization,  and  they  were  fasted  for  18  h;  these  fac-
ors  may  have  served  as  additional  stressors  that  contributed
o  the  differences  in  corticosterone  levels  between  the
tudies.
Previous  studies  have  shown  that  5-HT2CR  activation  leads
o  anxious  behavior  and  suppression  of  food  intake  (Gatch,
003;  Halford  et  al.,  2007).  Our  current  study  revealed  that
esponsiveness  to  a  selective  5-HT2CR  agonist  in  young  mice,
s  indicated  by  decreased  food  intake,  tended  to  be  more
ronounced  in  females  than  in  males.  This  ﬁnding  is  in  good
greement  with  a  previous  observation  by  Iwasaki-Sekino
t  al.  (2009).  It  is  likely  that  5-HT2CR  responsiveness  is  high
n  young  female  rodents.  In  contrast,  administration  in  aged
ale  mice  led  to  a  marked  decrease  in  food  intake  at  the
owest  dose  of  0.1  mg/kg.  However,  in  aged  female  mice,
here  was  no  decrease  in  food  intake.  These  results  sug-
est  that  aging  leads  to  functional  upregulation  of  5-HT2CR
n  male  but  not  in  female  mice.  Furthermore,  SB242084  and
KT  clearly  inhibited  the  decrease  in  food  intake,  although
hese  drugs  had  no  effect  on  food  intake  when  administered
o  aged  female  mice.  Based  on  these  results,  we  hypoth-
size  that  in  aged  male  mice,  exposure  to  novelty  stress
nhances  the  binding  of  5-HT  to  5-HT2CR,  thereby  markedly
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decreasing  food  intake.  We  believe  that  the  function  of  5-
HT2CR  can  decrease  with  age  in  female  mice,  leading  to  no
5-HT2CR-dependent  inhibition  of  food  intake.
Intracerebral  5-HT  is  released  from  the  terminals  of
neurons  that  project  from  the  raphe  nucleus  to  the  stress-
related  areas  of  the  brain.  Several  lines  of  evidence  show
that  aging  leads  to  a  decrease  in  the  basal  levels  or  biosyn-
thesis  of  5-HT  in  the  hypothalamus  (De  la  Fuente  et  al.,  2003)
or  the  amygdala  (Miura  et  al.,  2002).  However,  biosynthesis
of  intracerebral  5-HT  was  enhanced  in  rats  exposed  to  social
isolation,  resulting  in  increased  5-HT  concentrations  (Miura
et  al.,  2002).  This  ﬁnding  suggests  that  exposure  to  stress  in
aged  male  mice  can  lead  to  excessive  release  of  5-HT.
To  conﬁrm  the  upregulation  of  5-HT2CR  signaling  in  aged
male  mice  during  exposure  to  novelty  stress,  we  per-
formed  immunohistochemical  analysis  for  5-HT2CR  and  c-Fos
protein  in  the  PVN,  amygdala,  and  ARC.  A  change  in  c-
Fos  expression  in  stress-related  cerebral  regions  is  widely
used  as  a  stress  indicator  as  well  as  plasma  corticoste-
rone  levels  (Zangenehpour  and  Chaudhuri,  2002).  In  the
present  study,  the  number  of  c-Fos-positive  cells  at  6  h
after  stress  loading  in  young  mice  was  similar  to  that  in
young  control  mice.  Although  acute  c-Fos  expression  fol-
lowing  stress  exposure  was  not  conﬁrmed  in  this  study,
c-Fos  expression  was  previously  reported  to  shortly  increase
after  novelty  stress  exposure  (Handa  et  al.,  1993).  Further-
more,  increased  plasma  corticosterone  levels  were  found
only  30  min  after  stress  loading  in  young  mice  (Saegusa
et  al.,  2011).  In  the  present  study,  plasma  corticosterone
levels  at  6  h  after  stress  loading  in  young  mice  were  also
the  same  as  those  in  young  control  mice.  That  is,  at  the
time  point  of  6  h  after  stress  loading,  c-Fos  expression  in
young  mice  may  have  already  recovered  to  the  same  level
as  in  the  control  group.  The  co-positive  cell  counts  for  5-
HT2CR  and  c-Fos  in  the  PVN  and  amygdala  did  not  increase
with  age  in  male  mice.  This  is  consistent  with  the  ﬁndings
that  show  that  aging  itself  does  not  stimulate  activation
of  5-HT  neurons  but  that  5-HT  remains  at  normal  or  lower
than  normal  levels  (De  la  Fuente  et  al.,  2003).  Inciden-
tally,  co-positive  cell  counts  for  5-HT2CR  and  c-Fos  protein
in  the  PVN  and  amygdala  markedly  increased  in  aged  male
mice  after  exposure  to  novelty  stress,  although  there  was
no  signiﬁcant  change  in  positive  cell  counts  for  5-HT2CR or
c-Fos  alone  in  the  same  brain  area.  Exposing  aged  male
mice  to  novelty  stress  increases  the  expression  of  5-HT2CR
mRNA  in  the  PVN  (Nahata  et  al.,  2013),  suggesting  that
in  aged  male  mice,  exposure  to  novelty  stress  promotes
5-HT2CR  protein  synthesis  in  stress-speciﬁc  neurons,  acti-
vating  neurons  that  express  5-HT2CR.  In  contrast,  there  was
no  change  in  5-HT2CR  and  c-Fos  co-positive  cell  counts  in
the  PVN  of  aged  female  mice  exposed  to  stress,  paralleling
the  results  for  food  intake  and  corticosterone  release.  The
5-HT2CR  and  c-Fos  co-positive  cell  count  in  the  amygdala
of  aged  female  mice  exposed  to  novelty  stress  was  signiﬁ-
cantly  higher  than  that  of  aged  control  mice,  as  was  the  case
for  aged  male  mice.  These  results  suggest  that  aged  female
mice  also  exhibit  sustained  negative  emotional  responses
besides  decreased  feeding  behavior.  In  addition,  the  fact
that  we  found  only  trace  expression  of  5-HT2CR  and  c-Fos  in
the  ARC  at  6  h  after  the  stress  exposure  (data  not  shown)
suggests  that  continuous  activation  of  5-HT2CR  in  the  ARC  is
unlikely.
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Ghrelin  is  the  only  peripheral  orexigenic  hormone  that
lays  a  central  role  in  physiological  feeding  behavior  (Kojima
t  al.,  1999).  However,  whether  ghrelin  levels  ﬂuctuate  in
ged  or  female  mice  has  not  been  investigated.  We  found
hat  plasma  levels  of  acylated  ghrelin  in  aged  male  mice
xposed  to  novelty  stress  signiﬁcantly  decreased,  but  there
as  no  change  in  the  levels  in  aged  female  mice.  When
ecreased  peripheral  acylated  ghrelin  was  supplemented
ith  exogenous  ghrelin  in  aged  male  mice,  the  decreased
ood  intake  returned  to  normal  levels,  indicating  that  stress-
nduced  ghrelin  insufﬁciency  may  contribute  to  the  decrease
n  food  intake.  Of  particular  interest,  the  decrease  in  plasma
cylated  ghrelin  levels  observed  in  aged  male  mice  was
ompletely  reversed  by  administration  of  the  5-HT2CR  antag-
nists.  These  results  indicate  that  the  enhanced  5-HT2CR
ignal  may  decrease  food  intake  by  inhibiting  the  secretion
f  acylated  ghrelin.
In  this  study,  we  used  6-week-  and  79-week-old  mice.  The
strous  cycle  of  C57BL/6  mice  was  reported  to  be  4  days
n  young  mature  mice  and  just  less  than  once  a  month  in
ged  mice.  The  estrous  cycle  of  6-week-old  mice  used  in  this
tudy  may  be  constant  or  partly  in  an  irregular  phase  prior
o  the  stabilization  (Nelson  et  al.,  1982).  Sex-dependent  dif-
erences  in  peripheral  estradiol  levels  were  not  observed  in
oung  or  aged  mice,  although  we  did  not  measure  the  estrous
ycle  of  each  animal  and  the  values  might  be  only  for  ref-
rence  (Supplemental  materials).  We  were  unable  to  obtain
irect  evidence  that  could  conclusively  attribute  the  abnor-
al  stress  response  observed  in  aged  mice  to  aging  itself  or
o  an  indirect  effect  through  peripheral  sex  hormone  imbal-
nce  caused  by  aging.  Therefore,  further  adequate  attention
o  the  effect  of  estrous  cyclicity  may  be  required  for  the
tudy  of  feeding  behavior  in  female  mice  in  the  future.
Many  previous  studies  have  demonstrated  that  estradiol
nhibits  food  intake  via  ERs  and  inhibits  HPA  axis  activity
nd  anxiety  via  ERs  (Asarian  and  Geary,  2013;  Handa  et  al.,
012).  Moreover,  these  effects  are  proportional  to  brain
strogen  levels  and  not  to  blood  estrogen  levels  (Liu  et  al.,
011).  Estrogen  produced  from  androgen  by  aromatase  in
he  brain  of  male  mice  plays  an  important  role  in  stress  reac-
ions  and  the  control  of  food  intake  (Liu  et  al.,  2011).  In  the
resent  study,  the  expression  of  aromatase  and  ER  mRNA
igniﬁcantly  increased  in  aged  male  mice  compared  with
oung  mice.  However,  no  signiﬁcant  variations  in  ER  mRNA
xpression  were  observed.  In  aged  female  mice,  expres-
ion  of  aromatase  and  ER  mRNA  did  not  increase.  Based
n  these  results,  we  assumed  that  decreased  food  intake
nd  HPA  axis  activation  in  aged  male  mice  were  caused  by
xposure  to  novelty  stress  through  an  increased  level  of
R  expression  and  excessive  production  of  estrogen  as  a
esult  of  increased  aromatase  in  the  brain.  From  the  above-
entioned  results,  we  ﬁrst  evaluated  the  effect  of  letrozole
o  clarify  the  involvement  of  aromatase  in  decreased  food
ntake  due  to  stress.  Furthermore,  to  eliminate  the  involve-
ent  of  ER,  we  examined  the  effect  of  DPN  administration
n  food  intake.  Although  estrogen  levels  in  the  brain  or
he  periphery  after  administration  of  an  aromatase  inhibitor
ere  not  measured  in  the  present  study,  our  hypothesis
as  strongly  supported  by  the  fact  that  decreased  food
ntake  in  aged  male  mice  exposed  to  novelty  stress  was
esolved  with  the  aromatase  inhibitor  letrozole  and  that  this
ffect  was  not  observed  in  female  mice.  In  addition,  the
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dministration  of  the  ER  agonist  DPN  did  not  affect  food
ntake  in  male  mice.
To  determine  the  effect  of  ER  on  food  intake  in  stress-
oaded  aged  animals,  we  administered  the  ER  agonist
PT  to  mice.  Enhanced  functional  activity  of  ER,  indi-
ated  by  decreased  food  intake,  was  demonstrated  in  aged
ice,  particularly  in  aged  male  mice  compared  with  that  in
oung  mice.  Estradiol  has  been  reported  to  enhance  5-HT2CR
rotein  synthesis  in  the  dorsal  raphe  region  (Henderson
nd  Bethea,  2008),  caudal  brainstem  (Rivera  et  al.,  2012),
nd  hypothalamus  (Santollo  et  al.,  2012).  The  anorexigenic
ffect  of  low  doses  of  PPT  observed  in  aged  male  mice  in  the
resent  study  signiﬁcantly  decreased  by  the  5-HT2CR  antag-
nist,  suggesting  that  the  increased  ER  signals  observed  in
ovelty  stress-loaded  aged  male  mice  decreased  food  intake
hrough  an  increase  in  5-HT2CRs.  In  addition,  considering
revious  studies  stating  that  estrogen  increases  5-HT2CRs  in
he  brain,  the  increase  in  the  PVN  of  aged  male  mice  seems
o  have  occurred  as  a  result  of  excessive  ER  activation  due
o  increased  estrogen  and  ERs  in  the  brain.
In  conclusion,  we  believe  that  ER  activation  that
ccurred  in  aged  male  mice  exposed  to  novelty  stress  caused
-HT2CR  hypersensitivity,  leading  to  HPA  axis  activation  and
ecreased  food  intake.
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